Large conductance K + channels (BK Ca ) are expressed in uterine artery (UA) smooth muscle from nonpregnant and pregnant sheep and contribute to the regulation of basal vascular tone and responses to estrogen and vasoconstrictors.To determine if BK Ca are expressed in women and contribute to UA function, we collected UA from nonpregnant women (n = 31) at elective hysterectomy and analyzed for subunit protein, localization with immunohistochemistry, and function using endothelium-denuded rings. UA expresses BK Ca α-, β1and β2-subunit protein. KCl and phenylephrine (PE, an α 1 -agonist) caused dose-dependent vasoconstriction (P < .001), and UA precontracted with PE dose-dependently relaxed with sodium nitroprusside (SNP; P < .001).Tetraethylammonium chloride (TEA, 0.2-1.0 mM), a BK Ca inhibitor, dose-dependently increased resting tone (P = .004; 28% ± 5.3% with 1.0 mM), enhanced PE-induced (10 −6 M) vasoconstriction (P < .04), and attenuated SNP-induced relaxation at 1.0 mM (P = .02). BK Ca are expressed in human UA and modulate vascular function by attenuating vasoconstrictor responses and contributing to nitric oxide-induced vasorelaxation.
with marked uterine vasodilation and a >30-fold rise in UPBF at term, 1, 2, 4, 5 reflecting substantial decreases in basal vascular tone. It is also notable that although angiotensin II and α-agonists have different effects on the uterine circulation, the latter being the most potent vasoconstrictor, 2, 6, 7 uterine vascular responses to both vasoconstrictors are attenuated in pregnant women and sheep compared with nonpregnant women and sheep. [7] [8] [9] The mechanisms responsible for these observations remain unclear.
We [10] [11] [12] [13] recently identified the large conductance, Ca 2+activated K + channels (BK Ca ) in the vascular smooth muscle (VSM) of ovine UA (UVSM).The channel is a product of the slo gene and member of the voltage-gated K + channel superfamily. [14] [15] [16] It consists of 4 α-subunits that comprise the pore, and as many as 4 regulatory β-subunits that modify channel function and provide phenotypic and functional diversity. [17] [18] [19] In general, the β1 subunit is the major regulatory subunit inVSM, but β2 may also be present.The β1 regulatory subunit modifies Ca 2+ and voltage sensitivity and confers estrogen responsiveness. [20] [21] [22] Channel activity increases acutely after estrogen exposure, resulting in membrane hyperpolarization, vasorelaxation and in sheep, increases in UBF. 10, 11, 23, 24 Channel activity also increases in the presence of increased intracellular Ca 2+ and U nderstanding the mechanisms that modulate uterine blood flow (UBF) are of great interest as this may provide insight into the control of prepregnancy UBF and uteroplacental (UPBF) and myometrial blood flow during pregnancy, the latter enhancing our understanding of the mechanisms that ensure fetal growth and well-being. Studies of UBF in women are generally descriptive, 1 and studies of vascular function are represented by in vitro studies of uterine arteries (UA). Thus, most of our understanding of the in vivo regulation of UBF has been derived from studies using various animal models, in particular, nonpregnant and pregnant sheep. 2, 3 Nonetheless, pregnancy is associated submembrane sparks, resulting in dampening or inhibition of voltage-gated Ca 2+ channels and decreases in intracellular Ca 2+ due to movement of Ca 2+ into the sarcoplasmic reticulum. 17, 25 These events modify vasoconstrictor responses and contribute to the maintenance of basal arterial tone, 16, 17, 25 and thus may contribute to uterine vascular regulation.
In nonpregnant sheep, BK Ca inhibition with tetraethylammonium (TEA), which has high specificity for the channel at doses ≤1 mM, 26 minimally alters basal UBF and dose-dependently inhibits estrogen-induced uterine vasodilation, which is in part due to increases in vascular nitric oxide synthase (NOS) expression, nitric oxide (NO), and cGMP synthesis. 27, 28 In the last third of ovine pregnancy, uterine arterial infusions of TEA block estrogen-induced vasodilation at low doses 11 and dosedependently decrease basal UPBF. 11, 12 More recently, we 29 have observed that BK Ca also contribute to the attenuated responses by the uteroplacental vascular bed to α-agonists. Thus, BK Ca appear to be an important modulator of uterine vascular function, reactivity and basal blood flow in ovine pregnancy. Its role in the human UA, however, has not been examined.The purpose of the present study was to determine if BK Ca are present in large and small UA from nonpregnant women and to assess their role in the maintenance of basal tone, responses to α-stimulation and NO-mediated relaxation. We hypothesized that BK Ca are in UVSM and contribute to uterine vascular function.
METHODS

Tissue Collection
Uterine arteries were collected from 32 nonpregnant women undergoing elective hysterectomy for benign gynecologic disorders (leiomyomas, 16; pelvic organ prolapse, 5; menorrhagia/adenomyosis, 2; endometriosis, 1; chronic pelvic pain, 1; and dysfunctional uterine bleeding, 7). Menstrual status was subsequently determined by endometrial histology and date of last menstrual period if known. Of the 27 premenopausal women, 13 were in the follicular and 10 in the secretory phase, whereas 4 had atrophic endometrium. A total of 5 samples were obtained from menopausal women (pelvic organ prolapse, 2; leiomyomas, 3). None were on hormone replacement therapy at the time of tissue collection. UA were dissected from the parametrium and paracervical connective tissues and adjacent myometrium, placed in chilled physiologic based saline (118.3 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 14.9 mM NaHCO 3 , 11.1 mM glucose and 2.5 mM CaCl 2 ) and transported to the laboratory within 30 minutes, where they were placed in iced phosphate-buffered saline (PBS) and the adventitia removed by blunt and sharp dissection. Sections of UA, 3 to 4 cm long were placed in PBS and stored overnight at 4°C with continuous 95% O 2 :5% CO 2 gas bubbling. If additional tissue remained, arteries were opened longitudinally, the endothelium removed with a soft-tipped cotton swab, frozen in liquid nitrogen and stored at −80°C. 13 Other samples were prepared for immunohistochemistry as described below.
Study Protocol
Samples from 26 women were available for studies of UA function. These oxygenated UA were removed from the refrigerator the following morning, cut into 4-mm to 5-mm rings and the endothelium removed by turning the tip of a small forceps in the lumen. Endothelium removal was verified histologically, and the basal lamina and underlying VSM were intact. Each ring was placed on a stirrup attached to a transducer (Grass FT-03, Quincy, MA and iWorx FT-302, Dover, NH) to measure force generation in a 25-mL volume chamber as previously reported. 30 The PBS (120.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO 4 , 1.2 mM NaH 2 PO 4 , 20.4 NaHCO 3 , 1.6 mM CaCl 2 , 10.0 mM dextrose, and 1.0 mM pyruvate) in the chamber was maintained at 37°C throughout the experiment by a circulating water pump. After a 30-minute equilibration period, rings were progressively stretched to obtain optimal length (L o ), as determined with progressive increases in KCl-induced contractile responses with 65 mM KCl. Not all UA segments were included in each protocol because of a limitation in available baths and the need to perform studies with each ring in duplicate. Dose-response curves were constructed at L o with KCl (n = 4; 10-120 mM) and cumulative doses of PE (n = 5; 10 −8 to 10 −5 M), an α 1 -agonist, to examine nonreceptor and adrenergic receptor-mediated responses, respectively. At the end of the PE dose-response and while rings remained contracted, a relaxation dose-response curve was generated in selected rings with cumulative doses of the NO donor sodium nitroprusside (SNP; n = 5; 10 −8 to 10 −5 M) to measure NO-mediated vasorelaxation; responses are expressed as the per cent relaxation after the PE contraction.To determine the effect of channel inhibition on PE responses, selected rings were washed (n = 9), allowed to return to baseline, and contracted with a single dose of 10 −6 M PE followed by the addition of TEA at 0.2, 0.5, or 1.0 mM, adding only 1 dose per pair. Other rings received only PE and served as a control for the second exposure, demonstrating the absence of tachyphylaxis (P > .1). After stabilization of the PE + TEA response, which demonstrates the effects of BK Ca inhibition on the PE vasoconstrictor response, 10 −7 M SNP was added to the bath to determine if BK Ca inhibition also modified NO-mediated relaxation.The effects of channel inhibition on basal tone were examined in selected rings washed with PBS and allowed to return to baseline tone for 20 to 30 minutes. The 3 doses of TEA were then added to the bath of duplicate rings to examine the effects of BK Ca inhibition on basal tone (n = 8). Data were recorded on an electronic data-acquisition system (Summit ACQuire and Summit DaStar, Gould Systems, ValleyView, OH) in grams of force generated at L o .When appropriate, responses were normalized to the response to 65 mM KCl for each ring. At the completion of studies, 3 women were identified as being postmenopausal, and their UA studies were removed from all functional analyses.These studies were approved by the Institutional Review Board for Human Research at the UT Southwestern Medical Center at Dallas.
Western Analysis
Samples of endothelium denuded UA (n = 6; 30 mg) that had been frozen in liquid nitrogen and stored at −80°C were weighed and homogenized in 40× volumes of sodium dodecyl sulfate (SDS) buffer as previously described. 13 Homogenates were centrifuged at 10 000 × g for 2 minutes. The supernatant was removed, and an aliquot used to determine cellular or soluble protein by BCA reagent (Pierce, Rockford, IL). Bromophenol blue and 2-mercaptoethanol were added to aliquots, and equal amounts of soluble protein were loaded (20 μg) on 7.5% to 10% polyacrylamide minigels and subjected to SDSpolyacrylamide gel electrophoresis as previously described. 13 Proteins were electrophoretically transferred to nitrocellulose paper at 100 V for 1 hour. Blots were incubated overnight with antisera to BK Ca α-subunit 
Immunohistochemistry
To determine the localization of BK Ca within the UA wall and the extent of BK Ca expression in UA ranging from 2 to 4 mm diameter to small intramyometrial branches, additional intact segments of UA with paired myometrium were washed in PBS, fixed in 4% paraformaldehyde for 6 hours at room temperature and embedded in paraffin as previously described. 13 Sections were mounted on slides, deparaffinized, hydrated, incubated with avidin-biotin blocking agent for 30 minutes and incubated overnight at room temperature with polyclonal antibodies to the BK Ca α-, β1or β2-subunits (1:25). After endogenous peroxidases were quenched with 3% H 2 O 2 in H 2 O for 30 minutes, immunostaining was detected with standard strepavidin-biotin-horseradish peroxidase and hematoxylin counterstaining. At least 3 UA and sections of myometrium were examined.
Statistical Analysis
Dose-responses were analyzed using analysis of variance (ANOVA) for multiple groups followed by an appropriate pairwise multiple comparison procedure to compare doses. EC 50 was determined using GraphPad Prism 5 (Graphpad Software, Inc, San Diego, CA). Paired t test was used to compare responses in the absence and presence of TEA. Data are presented as mean ± standard error of the mean (mean ± SEM).
RESULTS
Immunoblot Analysis
To determine if BK Ca are expressed in human UVSM, we performed immunoblotting for the α-, β1and β2-subunits in samples available from 6 women with an average age of 43 7 -12 years. The α-subunit was identified in all samples as a single protein species at 83 kDa ( Figure 1 ). The β1and β2-subunits were also present in all samples at 37 and 45 kDa, respectively. Of note, the density of the β2subunit appears to equal that of the β1-subunit; however, a direct comparison is not possible since samples are run on separate gels. When samples were available from proliferative, secretory and inactive phases and run on the same gel, there was no difference in the density of the 3 subunits.
To determine BK Ca localization within the UA wall, immunohistochemistry was performed in UA from 4 women and blinded for endometrial status.There was variable immunostaining in the 4 samples, with decreased staining in women whose endometrium was considered to be in the secretory phase, that is, high progesterone.There was excellent immunostaining throughout the UA media in 1 sample ( Figure 2 ) that allowed for the localization of α-subunit (panels C and D), β1-subunit (panels E and F), and β2-subunit (panels G and H). Immunostaining was specific to the VSM and was not in the endothelium or lamina propria. Notably, β2-subunit immunostaining appears to equal or exceed that for β1.To assess the extent of subunit expression in the small intramyometrial branches of the UA, we examined the paired myometrial samples available from these women. The variability in myometrium paralleled that in theVSM.The myometrium paired with the UA in Figure 2 demonstrated immunostaining for all 3 subunits in small arterioles throughout the myometrium (Figure 3) . Notably, immunostaining for the 3 subunits was observed in myometrial smooth muscle, and as in UVSM, β2-subunit immunostaining is at least equal to or greater than the β1-subunit.
Contraction-Relaxation Responses
Denuded UA rings demonstrated a dose-response (P < .001, ANOVA) to both KCl at 10 to 120 mM ( Figure 4 ) and cumulative doses of PE at 10 −8 to 10 −5 M ( Figure 5 ). The EC 50 for each agent was 22.2 mM and 1.35 × 10 −6 M, respectively. Maximum responses occurred at 40 mM and 10 −5.5 M, respectively.The addition of SNP after precontraction with PE resulted in dose-dependent relaxation ( Figure 6 ; P = .004, ANOVA). Thus, the contraction-relaxation apparatus in the samples of UVSM was intact and functional.We determined if there was a relationship between responses in UA from women subsequently shown by endometrial histology to be in the secretory versus proliferative phase. There were no differences in the responses to 65 mM KCl or 10 −6 M PE (P ≥ .2, t test).
Effects of BK Ca Blockade
To ascertain if BK Ca blockade with TEA resulted in doserelated effects, we used 3 doses: 0.2, 0.5, and 1.0 mM, all of which have high specificity for BK Ca . 26 To determine the role of BK Ca in the regulation of basal vascular tone, duplicate rings were exposed to only one of the 3 doses of TEA. There was a significant increase in basal tone compared to vehicle following TEA exposure at 1.0 mM (Figure 7 ; P = .002) after normalizing for the response to 65 mM KCl. Furthermore, there was a significant dose affect (P = .004, ANOVA).
BK Ca modulate constrictor responses to several agonists, thereby contributing to the maintenance of tissue or organ blood flow. 16, 17, 25 Because the uterine vasculature is very sensitive to α-agonists in vivo, 7 we examined the effect of channel blockade with TEA on the constriction responses to the α 1 -agonist PE. In the absence of TEA, PE increased UA force normalized as percentage of the 65 mM KCl response (Figure 8) , and there were no differences in the responses by control rings to PE alone, P = .5. The addition of TEA enhanced PE-mediated vasoconstriction, the significance paralleling the increasing dose from P = .2, to .04 and .003 (paired t test); but a dose effect could not be demonstrated for the 3 doses studied (P = .5, ANOVA).
BK Ca also modulate relaxation responses to NO. 10,24 Thus, we examined the effect of channel blockade on NO-induced relaxation, comparing the responses with the NO donor SNP in the presence of PE-induced vasoconstriction with 10 −5 M without and with TEA, using the 3 doses noted above. In the absence of TEA, 10 −7 M SNP resulted in significant relaxation responses that did not differ between the 3 control groups, 88% to 98% decreases in tone (Figure 9 ; P = .2, ANOVA). Although 0.2 and 0.5 mM TEA did not alter the relaxation responses (P > .1, paired t test), 1.0 mM TEA caused a 28% reduction in the relaxation response, P = .019.
DISCUSSION
The mechanisms that contribute to the regulation of UBF in nonpregnant and pregnant women remain unclear. Studies in animal models, in particular sheep, suggest several mechanisms are involved, for example, NO, cyclooxygenase products, endothelial-derived hyperpolarizing factor, and differences in receptor subtype expression. [31] [32] [33] [34] However, these represent proximal events in the signaling pathways and do not address the downstream effectors involved. We 10, 11 reported the presence of BK Ca in UVSM from nonpregnant and pregnant ewes. Furthermore, we 10, 12, 29 demonstrated that BK Ca play an essential role in the uterine vascular responses to estrogen and vasoconstrictors and in the regulation of basal UPBF in the last third of ovine pregnancy.To date, no one has examined the presence or role of BK Ca in human UA. In the present report, we identified the essential subunits that comprise the BK Ca in human UVSM, that is, the pore forming α-subunit and the β1 and β2 regulatory subunits. Moreover, we observed that channel blockade increases basal tone, enhances responses to α-stimulation, and decreases NO-mediated relaxation. Thus, we present the first evidence of BK Ca expression in human UA and their role in the regulation of UA function, suggesting BK Ca may contribute to the regulation of UBF in nonpregnant and pregnant women, thereby opening a new vista for studies of UBF regulation in women. BK Ca consist of 4 α-subunits that form the channel pore and up to 4 regulatory β-subunits that modify phenotypic and functional diversity. 14, 35 The α-subunit is derived from a single gene, but may exist as several protein species varying from 83 to 105 kDa, demonstrating the occurrence of posttranslational modification. 13, 36 Although we previously identified 4 protein species in UVSM from nonpregnant ewes, only a single species at 83 kDa was observed in human UVSM.This may be related to species differences or the intriguing idea that this relates to the advanced age of the women included in the present study. 16, 37 ; the significance of this finding, however, is unclear. There are 4 regulatory subunits derived from separate genes, and their tissue distribution differs. β3 and β4 are found in the nervous system, whereas β1 and β2 are in smooth muscle, the former predominantly in VSM. 15, 16 β1 is abundant in UVSM of young nonpregnant reproductively active ewes, whereas β2 is minimally expressed. 13 Furthermore, β1 is upregulated by estrogen exposure 13, 38, 39 and is required for estrogen responsiveness. 20, 21 Although it is difficult to quantify, β1 expression appears to be decreased in the population of nonpregnant women studied compared with that previously seen in reproductively active ewes. 13 Furthermore, β2 appears upregulated, whereas it is quite low in the nonpregnant ewe. Aging has been associated with decreases in channel density and the β1-subunit 16, 37 ; this, however, has not been studied in women or in the uterine vasculature. Although both β-subunits modify voltage and calcium sensitivity, the β2-subunit increases inactivation of BK currents and recovery from inactivation. 19, 40, 41 It is possible the differences in regulatory subunit stoichiometry between young ewes and the women studied is associated with altered UA channel function, but this is unknown. It is tempting to speculate that estrogen treatment in these women would increase β1:β2 stoichiometry and thus channel function.
Notably, BK Ca were in both large UA and small intramyometrial branches of nonpregnant women, the latter consistent with studies in pregnant women. 34, 38 Thus, BK Ca extend throughout the uterine vascular bed.
Although the effects of BK Ca inhibition with TEA on basal UBF in nonpregnant sheep are minimal, 10 this results in substantial increases in basal uterine vascular resistance and decreases UPBF in intact pregnant sheep. 29 In the present study, BK Ca inhibition with TEA increased basal UA tone dose dependently, values increasing ∼30% with 1.0 mM. This is modest compared with the ∼80% fall in UPBF with 0.3 mM TEA in pregnant ewes 29 and the >60% fall in UBF in nonpregnant ewes during estrogen-mediated uterine vasodilation. 10 However, it is consistent with the modest effect seen in nonpregnant ewes in the absence of estrogen, which is also associated with low β1 expression. 10 Thus, the role of the BK Ca as a modulator of vascular tone increases in the presence of NOmediated vasodilation 10, 11 and during pregnancy, when basal UPBF is increased substantially, suggests that BK Ca contribute to UBF. 11, 12 Studies are presently underway to determine their role during the estrous cycle.
BK Ca modulate vascular responses to vasoconstrictors through Ca 2+ -sensitive mechanisms. 16, 17, 25, 40, 41 The c-terminal end of α-subunit is able to sense changes in intracellular Ca 2+ and the occurrence of localized submembrane Ca 2+ sparks. 16 Channel activity increases when intracellular Ca 2+ rises, increasing membrane hyperpolarization, dampening, or inhibiting of voltage-activated Ca 2+ channels, which decreases cytosolic Ca 2+ and attenuates constrictor responses. We 29 recently observed enhanced vasoconstrictor responses to infused PE during local BK Ca uterine inhibition in pregnant sheep. In the present study, BK Ca blockade with TEA also enhanced PE-induced contractions by human UA.Thus, BK Ca contribute to UA vasoconstrictors responses in women and sheep, suggesting BK Ca contribute to the attenuated uterine vascular responses to α-agonists in pregnancy. 7, 9 If so, alterations in channel function could enhance uterine vascular responses to vasoconstrictors in hypertensive pregnancies and increase the risk for fetal growth restriction. The rise in UBF in cycling ewes and near-term pregnant sheep are due to vasodilation. 5, 42 In both instances, UA derived NO is believed to play an important role, reflecting increases in UA NOS expression due to ovarian and placental estrogen synthesis during the estrous cycle and pregnancy, respectively. 27, 28, 32, 42 SNP, a NO donor, increases VSM cGMP, which should activate BK Ca and cause UA vasorelaxation, thereby mimicking the endogenous NO-mediated vasodilation discussed. 16 SNP dose-dependently relaxed precontracted denuded human UA, and BK Ca inhibition attenuated these relaxation responses. This is similar to that seen in nonpregnant ewes after estrogen exposure. 10 Thus, BK Ca also contribute to NO-mediated relaxation in human UA. It is now possible to design studies to explore the signaling pathways in human UA after estrogen and NO exposure.
In this report, we have shown that the essential components of BK Ca are expressed in UVSM from nonpregnant women. Unlike young reproductively active ewes, 13 channel expression appears to be decreased and β2 exceeds β1 expression, but the physiologic consequences are unclear. It also is unclear if estrogen and progesterone modulate subunit expression in women, necessitating further studies to delineate this. Importantly, BK Ca contribute to the maintenance of basal UA tone and the UA responses to α-agonists and NO. Thus, BK Ca likely contribute to the regulation of UBF during the estrous cycle and pregnancy. If so, channel dysfunction may contribute to abnormalities in implantation, placentation, and increases in UPBF and fetal growth in pregnancy.
